Electroencephalography (EEG) is an essential diagnostic tool in the evaluation of seizure disorders. In particular, EEG is used as an additional investigation for a single unprovoked seizure. Epileptiform abnormalities are related to seizure disorders and have been shown to predict recurrent unprovoked seizures (i.e., a clinical definition of epilepsy). Thus, the identification of epileptiform abnormalities after a single unprovoked seizure can inform treatment options. The current review addresses the relationship between EEG abnormalities and seizure recurrence. This review also addresses factors that are found to improve the yield of recording epileptiform abnormalities including timing of EEG relative to the newonset seizure, use of repeat studies, use of sleep deprivation and prolonged recordings.
Introduction
Electroencephalography (EEG) remains an essential diagnostic tool in the evaluation of seizure disorders. The most recent clinical guidelines from the American Academy of Neurology for both children [1] and adults [2] recommend that an EEG be obtained after a single unprovoked seizure. Indeed, EEG abnormalities may be useful in identifying epileptogenic foci, structural abnormalities, and/or electrographic patterns associated with specific epilepsy syndromes. However, it is the potential predictive value of EEG that can have the most prominent role in the evaluation of a single unprovoked seizure.
The challenge in evaluating a patient after a single unprovoked seizure is identifying those patients that will go on to develop recurrent seizures from those who will have only a single seizure in their lifetime. The risk of seizure recurrence is greatest within the first 1-2 years (21-45%) after a single unprovoked seizure in adults [3] . Similarly, in children, the risk is also greatest within the first 1-2 years (14-65%) after a single seizure [4] . The risk increases to 60-90% after a second unprovoked seizure [5, 6] , at which point it is felt that the traditional definition of epilepsy (an enduring predisposition to generating recurrent seizures [7] ) has been met. As a clinical definition, this requires waiting until a second unprovoked clinical seizure has occurred before providing a diagnosis of epilepsy.
More recently, an operational definition of epilepsy has been published, which proposes that the diagnosis of epilepsy can be applied after a single unprovoked seizure if there is evidence to suggest that the risk of recurrence is sufficiently increased (greater than 60%) such that it approaches the risk of recurrence associated with a second unprovoked clinical seizure [6] . Specifically, it proposes that epilepsy can be diagnosed if associated investigations are consistent with an identifiable epilepsy syndrome, or if investigations after a single unprovoked seizure lead to the determination that the patient is at high risk of seizure recurrence (similar to that of the recurrence risk associated with two unprovoked seizures) over the next 10 years.
This operational definition of epilepsy places emphasis on the use of supplementary investigations after a single unprovoked seizure to help predict recurrence risk. In the case of EEG, the finding of an abnormality could impact the management of a patient with a newly diagnosed seizure based on risk of recurrence. The following is a review of the literature as it pertains to the use of EEG after a single unprovoked seizure. The objective of this review was to determine the relationship between EEG abnormalities (focal or generalized, epileptiform discharges or non-epileptiform slowing of background rhythms) and seizure recurrence. An additional objective of this review was to determine aspects of the EEG -timing relative to seizure occurrence, the utility of repeat EEG studies, the inclusion of sleep deprivation with recording of the sleep state and the use of prolonged EEG recordings -that are thought to improve the yield of identifying EEG abnormalities in the context of assessment after a single unprovoked seizure. EEGs included in the reviewed studies were typically standard outpatient studies of approximately 30 min duration using the international standard 10-20 system of electrode placement unless specified otherwise. Contents lists available at ScienceDirect Seizure j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / y s e i z
Relationship between EEG abnormalities and seizure recurrence
From the perspective of EEG, it is well documented that seizures are related to EEG abnormalities. Upwards of 12-50% of adults and 18-56% of children with single unprovoked seizures had epileptiform abnormalities on EEG [8] . The authors suggested that the EEG not only helped distinguish epileptic seizures from non-epileptic events, but EEG also helped identify specific seizure types. It was determined that seizure types influenced the likelihood of EEG abnormalities; absence seizures were associated with EEG abnormalities in 92%, atonic or myoclonic seizures in 85%, complex partial seizures in 59% and generalized tonic-clonic seizures in 44% [8, 21] .
The presence of any EEG abnormality (an epileptiform abnormality and/or focal slowing of background rhythms) predicted seizure recurrence (e.g., [9, 10] ), although the presence of epileptiform discharges was thought to offer more predictive ability. A systematic review and meta-analysis of 15 studies examining the diagnostic accuracy of routine EEG after a single unprovoked seizure demonstrated, in adults, a sensitivity and specificity of interictal epileptiform discharge for seizure recurrence of 17.3% and 94.7% respectively [11] . This corresponded to a 77% post-test probability of recurrent seizures when epileptiform discharges were seen and a 47% post-test probability of recurrent seizures when not. A previous meta-analysis showed a post-test probability of epilepsy in 49.5% of those with epileptiform abnormalities on EEG and 27.4% in those without [2] . It was felt that the difference might have been related to the addition of more recent studies and the strict eligibility criteria for study inclusion [11] . Nevertheless, in both systematic reviews, the presence of epileptiform discharges on EEG in the context of a single unprovoked seizure was predictive of the development of recurrent seizures.
In the same systematic review, when considering studies involving children, routine EEG after a single unprovoked seizure was found to have a sensitivity and specificity for seizure recurrence of 57.8% and 69.6% respectively. This corresponded to a post-test probability of developing recurrent seizures of 66% when epileptiform abnormalities were observed and 38% when absent [11] . This is in keeping with previous findings in general pediatric populations (e.g., [4] ).
Taken together, these studies indicate that EEG can improve the determination of recurrence risk after a single unprovoked seizure. Specifically, an epileptiform abnormality is associated with a higher risk of seizure recurrence. Therefore, it is important to identify and optimize factors that can improve the likelihood of recording an epileptiform abnormality on EEG after a new-onset seizure.
Timing of EEG after a single unprovoked seizure
One factor that is thought to influence the ability to record an epileptiform abnormality on EEG after a single unprovoked seizure is the timing of the EEG recording relative to the clinical event. Interestingly, although it has been identified as a potentially important factor in assessing the ability of EEG to predict recurrent seizures, relatively few studies have addressed this issue directly. From a neurophysiological perspective, Pohlmann-Eden and Newton [10] postulated that immediately after a seizure, the brain is in a state of hyperexcitability, which reduces over time. According to this hypothesis, an early EEG (shortly after seizure occurrence) should offer a higher yield with respect to recording epileptiform abnormalities, if present. Concerns surrounding the use of early EEG include logistical issues of organizing and obtaining an early EEG, the potential inability of obtaining a sleepdeprived EEG at that early time-point, and the difficulty in interpreting non-epileptiform abnormalities in a time-period where transient abnormalities (e.g., post-ictal slowing) might be present [8] .
For studies included in the systematic review by Bouma et al. [11] , the timing of EEG after first seizure was either not reported or variable (ranging from less than 48 h to several months). There is a limitation in the literature regarding studies directly comparing early and late EEG recordings. King et al. [12] identified epileptiform abnormalities in 51% of patients (aged 5 years or older) who had an EEG within 24 h of the seizure, as compared to 34% in patients who had their initial EEG at a later point in time. In a pediatric population (1-17 years old), there was no statistical difference in identifying epileptiform abnormalities between EEGs obtained less than 48 h (37%) and those obtained greater than 48 h (40%) from the first seizure [13] (although noting that only 20% of patients obtained an EEG prior to 48 h).
Other studies have reported the non-comparative findings of EEGs completed shortly after a first seizure. Neufeld et al. [14] reported epileptiform activity in 21% of EEGs completed within 48 h of a first seizure in an adult population (15-87 years old). Schreiner and Pohlmann-Eden [15] identified epileptiform abnormalities in 26.8% of patients (17-84 years old) in whom an EEG was obtained within 48 h of their first seizure. A study demonstrating the logistic feasibility of an 'acute' EEG in an emergency room setting involving adult patients (16-74 years old) identified epileptiform abnormalities in approximately 50% of those with a clinical diagnosis of seizure confirmed by an epileptologist who saw the patient in an outpatient clinic setting within 2 weeks of presentation to the emergency department [16] . In this study, the EEG was performed within 24 h of presentation to the emergency department, prior to discharge. Approximately 26% of patients had seizure recurrence within the follow-up time period. In another recent study investigating the ability of early comprehensive assessments to improve patient care after a single unprovoked seizure, showed that overall, approximately 14.5% of patients who had a standard EEG within 72 h (the majority of which were done within 24 h) had an epileptogenic focus identified on EEG [17] .
These studies suggest that obtaining an EEG shortly after a newonset seizure can improve the yield of identifying epileptiform abnormalities. Moreover, these studies show that it is logistically feasible in the clinical setting. However, the current literature is limited with few studies addressing a direct comparison of 'early' (within 72 h) and 'late' EEGs for detecting epileptiform abnormalities. One group of studies which have indirectly addressed this issue concerns the use of serial EEG recordings to improve the yield of identifying epileptiform abnormalities if initial EEG studies were found to be normal. The concept is that, if the patient truly has a seizure tendency, repeating the EEG will increase the probability of identifying an abnormality.
Use of serial EEG studies
If the initial EEG after a single unprovoked seizure is found to be normal, regardless of timing, subsequent recordings can increase the yield of detecting epileptiform abnormalities. In a group of patients with epilepsy that demonstrate interictal epileptiform abnormalities on EEG, approximately 50 % of patients demonstrated epileptiform activity on the first EEG study, which increased to 92% or patients after 4 consecutive studies with much lower incremental yield after that [18] . Similarly, a population based study involving patients with a single unprovoked seizure demonstrated an incremental cumulative increase in yield for detecting EEG abnormalities with multiple recordings [19] . Across subjects, the incremental yield was 39.1% after the first EEG recording, 49.1% after the second, and 67.6% after the third. In this study, the median time to the first EEG recording was 3 days.
These findings suggest that the highest yield for identifying epileptiform activity on EEG is greatest on the initial study yet, yield can seemingly be improved with repeated studies. This highlights a conceptual paradox such that a sample effect exists but is limited by the decreasing incremental yield over time.
Inclusion of sleep deprivation and sleep in EEG studies
Repeat EEG studies after an initial normal routine EEG often include sleep deprivation and a recording of the sleep state. Indeed, a survey of Dutch neurologists indicated that 48% of physicians requested a sleep-deprived EEG if the initial EEG and MRI were normal [20] . Carpay et al. [21] demonstrated that in a group of children and adolescents (1 month -16 years of age) with a newly diagnosed seizure, 34% who initially had a normal standard EEG were found to have epileptiform abnormalities on a repeat EEG with sleep deprivation. This increased the yield of identifying epileptiform discharges in this population from 56% to 67%. Similarly, in a study of patients with new-onset seizures, sleep-deprived EEG demonstrated an epileptiform abnormality in 35% of those who had a normal initial awake EEG, increasing the yield of EEG abnormality from 43% to 61% [12] . Interestingly, in the study by Schreiner and Pohlmann-Eden [15] that assessed the use of early EEG, only 13.3% of patients with an initially normal awake EEG showed epileptiform discharges with repeat sleep EEG performed 3-7 days later. The authors argued that this relatively low yield was related to the delay in obtaining the repeat sleep-deprived study.
Sleep deprivation can be considered an activating procedure for EEG because some stages of sleep can be associated with an increased probability of inducing epileptiform abnormalities in those with an underlying seizure tendency. Drowsiness and early stages of nonrapid eye movement (NREM) sleep states tend to induce ictal and inter-ictal epileptiform discharges more readily than rapid eye movement (REM) sleep states for most forms of epilepsy (e.g., [22, 23] ).
The use of a sleep deprived EEG as a follow-up examination to increase the yield of recording epileptiform discharges incites many interesting and unresolved issues. It has been suggested that sleep deprivation results in sleep that is more activating than natural sleep alone. It is unclear whether sleep deprivation itself could be related to an activated cortical state even in the absence of sleep (for a review regarding the controversies surrounding sleep deprivation and sleep, see [24] ). The use of medication to induce sleep remains controversial because of the potential effects that sedating medications can have on the EEG recording that could lead to confounders. None of the reviewed studies included the use of sedating medications to induce sleep for the EEG. It was either not specified or it was specifically stated that sleep was not induced [21, 25] .
It remains unclear whether the increased yield of sleep deprived EEG studies could, in part, simply be related to sample effect, wherein a repeat sleep recording increases the yield of recording epileptiform discharges due to the serial study effect described above. Moreover, the studies involving sleep deprivation [21, 12] ) allowed for prolonged recordings if necessary to capture the sleep state. The prolonged nature of these recordings could in theory improve the yield of recording epileptiform abnormalities by increasing the length of the recording. Nevertheless, there is a complex relationship between sleep deprivation, sleep and the generation of epileptiform discharges in those patients with an underlying seizure tendency that remains to be fully elucidated.
Prolonged EEG studies
In addition to prolonged sleep-deprived EEG, other forms of prolonged EEG studies include prolonged video-EEG and ambulatory-EEG [26] . The identification of epileptiform discharges on 24-h video-EEG after a first unprovoked seizure has been shown to be a risk factor for seizure recurrence [27] . In this study, epileptiform abnormalities were identified in 41.8% of patients (3-77 years old) who underwent 24-h video-EEG recording within 7 days of their first unprovoked seizure. Fisch et al. [17] determined that a prolonged video-EEG (approximately 18 h in duration) provided an additional yield of 30% after a normal standard EEG in patients (>15 years old). An ambulatory-EEG has been demonstrated to be as effective in providing an improvement in the yield of identifying an epileptiform abnormality in comparison to standard or sleepdeprived EEG, with the additional benefit of detecting seizures over the course of the prolonged (24 h) recording that were not seen on the sleep deprived (30-60 min) study [28, 26] .
Summary
Whereas it is clear that two unprovoked seizures (i.e., a clinical definition of epilepsy) requires treatment with anti-epileptic medications in most circumstances, a clinical challenge remains in single unprovoked seizures, where a decision must be made between treatment with an anti-epileptic medication or conservative management with observation. Recent guidelines suggest that an abnormality in associated testing, such as MRI or EEG, may warrant treatment after a single unprovoked seizure because the risk of recurrent seizures in the context of an abnormality is sufficiently high [6, 3] . Indeed, the literature suggests that the identification of EEG abnormalities (in particular epileptiform abnormalities) can predict seizure recurrence after a first unprovoked seizure. A mathematical model of risk for seizure recurrence found EEG abnormalities to be an important variable in model development [29] .
As described in this review, a number of factors have been identified that can improve the yield of recording epileptiform abnormalities. However, at present, the literature is limited with respect to comprehensive investigations assessing combinations of factors to optimize the yield of recording epileptiform abnormalities. The current literature suggests a conceptual paradox, in that yield is increased by increasing samples of EEG recordings, but this is limited by an overall incremental reduction in yield for each individual study as a function of time. Indeed, the literature supports the finding that the highest yield for capturing epileptiform abnormalities on EEG is shortly after the seizure itself, which could be related to the idea that the brain is in a hyperexcitable state in this immediate timeframe. If the initial standard EEG is found to be normal, repeating the EEG can increase the yield for identifying epileptiform abnormalities even though the overall yield for a delayed EEG decreases over time. This temporal decrease in the probability of recording an EEG abnormality can be potentially offset by the inclusion of sleep deprivation with (preferably) or without recording sleep or by increasing the sample period with formal or ambulatory prolonged EEG recordings. It remains to be determined if combining these factors (e.g., immediate admission to an epilepsy monitoring unit for early prolonged EEG monitoring including sleep deprivation and sleep), as speculated by Pohlmann-Eden and Newton [10] , could be a mechanism by which these factors can be combined and optimized.
Although this review has highlighted ways in which to improve the yield for recording epileptiform discharges on EEG, it must be acknowledged that the interpretation of the EEG remains subjective and is dependent on the reporting electroencephalographer. Whether a finding on an EEG is interpreted as technical artifact, a normal physiological variant or a true abnormality can vary from one electroencephalographer to another. Indeed, a meta-analysis assessing variation in EEG sensitivity and specificity for predicting recurrent seizures identified that the observed wide variation in sensitivity and specificity across studies is largely due to the threshold with which the reporting epileptologist reported a finding as normal or abnormal [30] . This was found for both epileptiform and non-epileptiform abnormalities. In other words, those readers who demonstrated more specificity were better able to predict future seizures than those who read with greater sensitivity. In this way, when the definition of an abnormality was more strictly applied, an EEG abnormality was more accurate in predicting seizure recurrence than when the definition of abnormality was less strictly applied. Thus, a strategy of being more selective with respect to reporting an abnormality, particularly an epileptiform abnormality, could risk a false negative diagnosis but will provide confidence in identifying patients with a truly increased risk of recurrent seizure by minimizing a false positive diagnosis. In this way, this strategy could minimize patients started on anti-epileptic medications to those who are at greatest risk of seizure recurrence.
Recent guidelines suggest that identifying an abnormality on EEG may warrant treatment after a single unprovoked seizure because the risk of recurrent seizures in the context of an abnormality is sufficiently high [6, 3] . The assumption is that this is regardless of the time that the abnormality is identified relative to the initial seizure. However, Lawn et al. [31] argued that the predictive ability of EEG is not static, but rather decreases with time in relationship to clinical seizure freedom. In their retrospective study, the 10-year risk of seizure recurrence after a single unprovoked seizure with epileptiform abnormalities on EEG was initially 76%. In contrast, the 10-year risk of seizure recurrence decreased to less than 60% after 12 months of seizure freedom. In other words, the longer the patient remained seizure free after a first unprovoked seizure, the presence of EEG epileptiform abnormalities became less helpful in predicting the development of recurrent seizures. The impact of this finding on the use of EEG to inform treatment decisions remains to be determined.
Conclusion
A routine EEG (with or without sleep deprivation) remains a recommended test in the investigation of a single unprovoked seizure for both children [1] and adults [2] . The literature suggests that EEG abnormalities, and in particular epileptiform abnormalities, after a new-onset seizure predict seizure recurrence. There is a suggestion that the yield for recording an epileptiform abnormality is highest in the time period shortly after the seizure or with sleep deprivation. It is thought that it is during this time that the brain is in a hyperexcitable state. Although the incremental yield is thought to decrease over time, repeated EEGs and/or prolonged EEGs are thought to improve the yield of recording an epileptiform abnormality due to sampling effect. Further studies will be needed to optimize these factors to continue to improve the yield of recording and identifying epileptiform abnormalities if present, and to improve the sensitivity of EEG after a single unprovoked seizure. This, in conjunction with clinical factors and other ancillary tests (e.g., MRI), will further help inform patients and physicians with respect to risk of seizure recurrence, and hence, ultimately help inform treatment decisions.
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